The composition dependence of thermal transport properties of the (Na,K)Cl rocksalt solid solution is investigated through equilibrium molecular dynamics (EMD) simulations in the entire range of composition and the results are compared with experiments published in recent work [Gheribi et al., J. Chem. phys. 141, 104508 (2014)]. The thermal di↵usivity of the (Na,K)Cl solid solution has been measured from 473 K to 823 K using the laser flash technique, and the thermal conductivity was deduced from critically assessed data of heat capacity and density. The thermal conductivity was also predicted at 900 K in the entire range of composition by a series of EMD simulations in both NPT and NVT statistical ensembles using the Green-Kubo theory. The aim of the present paper is to provide an objective analysis of the capability of EMD simulations in predicting the composition dependence of the thermal transport properties of halide solid solutions. According to the Klemens-Callaway [P. G. Klemens, Phys. Rev. 119, 507 (1960) and J. Callaway and H. C. von Bayer, Phys. Rev. 120, 1149 (1960 ] theory, the thermal conductivity degradation of the solid solution is explained by mass and strain field fluctuations upon the phonon scattering cross section. A rigorous analysis of the consistency between the theoretical approach and the EMD simulations is discussed in detail. C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
In the last ten years, interest in renewable energy has increased due to environmental concerns and the increasing price of fossil fuel energy. The latent heat energy storage technology using Phase Change Materials (PCMs) is one of the most promising renewable energy sources for the near future. Thermal energy storage in salt PCM represents a serious option for solar energy applications. PCMs present many possibilities for halide mixtures:
1 from simple systems with a single common anion, like NaCl-KCl, to complex reciprocal systems with several common anions and cations. The heat transfer mechanism is one of the most important issues in designing a new PCM. It is usually preferable to maximize the thermal conductivity of the substance in order to provide the minimum temperature gradients and facilitate the charge and discharge of heat. Consequently, a precise knowledge of the thermal transport properties in the halide system is required. Of course, other issues also have to be taken into consideration in the design of PCM. For example, halides of transitions metals are not suitable for a possible new PCM mixture because they are usually highly corrosive and an inert and expensive coating is necessary to protect the container.
The thermal conductivities of pure stoichiometric halide compounds can be predicted in a rather large range of temperature with an appreciable precision either using a theoretical approach 2 or equilibrium molecular dynamics (EMD) simua) Author to whom correspondence should be addressed. Electronic mail: aimen.gheribi@polymtl.ca lations. 3 These two methods have the same order of precision 2-4 less than about ±15%. This is generally the typical experimental range of error. Unlike pure compounds, the thermal transport properties of halides' solid solutions (SS) are not well known. Although solid solutions are observed in many halide systems, 5 almost no experimental data on their thermal conductivity are reported in the literature. This lack of experimental data is a significant barrier in the design of new PCM materials.
In other systems, it has been shown experimentally [6] [7] [8] [9] that the thermal conductivity of solid solutions formed from oxides and semiconductors deviates considerably from a simple linear behaviour. An analogous behaviour can reasonably be expected for halide solid solutions. However, so far, EMD has been applied to predict, with good accuracy, only the thermal conductivity of halides' liquid solutions. [10] [11] [12] [13] [14] [15] No study reporting EMD calculations of the thermal conductivity of halide solid solutions can be found in the literature.
For solid stoichiometric compounds 3 and liquid solutions, Ohtori et al. 12, 13 have presented a predictive approach for the determination of the thermal conductivity. Indeed, no experimental information has been used for the parametrization of the interionic potentials, only density functional theory calculations. A similar approach is applied in this work.
The main purpose of this paper is to examine the predictive capability of EMD simulations for the composition dependence of the thermal conductivity of halide solid solutions. We perform a comparative study between EMD simulation experiments in the NaCl-KCl system, which can be considered a good prototype system because the interactions within the system are purely ionic. Both (i) the method of calculation of the thermal conductivity from the phase trajectory generated with EMD simulation and (ii) the interionic potential used in the present work were already applied in predicting successfully the thermal conductivity of pure ionic compounds as a function of temperature, with an error of about 15% or less.
3,16
The original contribution of the present work is the study of the predictive capability of EMD for the composition dependence of the thermal transport of halide solid solutions.
II. EXPERIMENTS AND SIMULATION DETAILS
A. Experimental determination of thermal conductivity of the (Na,K)Cl solid solution
The pair temperature-composition for which the thermal di↵usivity has been measured 17 with laser flash and the thermal conductivity, directly predicted by the present EMD simulations, is shown in Figure 1 inside the NaCl-KCl coherent phase diagram. As shown in Figure 1 , there is no sample for which the thermal conductivity has been both measured and calculated. The reason is that during the experiments, it was necessary to keep the sample at a temperature of at least 100 K below the minimum liquidus temperature, i.e., below ⇠830 K. This temperature is the safest maximum temperature at which the flash apparatus can be used without damage by liquid formation. On the other hand, the prediction of the thermal conductivity by our EMD is limited to rather high temperatures for practical reasons discussed below.
As also shown in Figure 1 , all the studied samples are out side the coherent miscibility gap. Thus only the thermal conductivity of the single phase solid solution (with a rocksalt structure Fm3m) is studied in this work.
The experimental thermal conductivity of the (Na,K)Cl rocksalt solid solution as a function of both temperature and composition has already been presented in a previous work. 17 FIG. 1. The coherent NaCl-KCl phase diagram along with the set of composition-temperature points for which the thermal di↵usivity has been measured by laser flash method 17 (solid red square) and calculated by EMD simulations (solid blue circle). Outside the miscibility gap, the SS is stable and inside the miscibility gap, phase separation into two distinct solid solutions SS1 and SS2 occurs. All the studied compositions are below the minimum liquidus temperature of 927 K and above the consolute temperature of 453 K; thus they are in the stable solid solution region.
The thermal conductivity, , was deduced from measurement of the thermal di↵usivity, a, using the laser flash method 18 and the critically evaluated heat capacity C P and density ⇢, using the relation: = a· ⇢·C P .
B. Simulations details
The EMD simulations were carried out for (Na,K)Cl rocksalt solid solution at 900 K from pure KCl to pure NaCl by varying the molar fraction x KCl by steps of 0.1 mole fraction steps (the exact compositions are given in Table I together with the calculated physical properties). The total number of ions is 512 (256 cations and 256 anions). A first series of simulations were performed in the isobaric-isothermal statistical ensemble (NPT) at T = 900 K and P = 10 5 Pa in order to determine the equilibrium density, the heat capacity at constant pressure, C P , and the bulk modulus. It also generated thermally equilibrated configurations. The two cationic positions (Na + and K + ) were chosen randomly in the initial configuration of the NPT simulation. In a second step, starting with an initial configuration perfectly thermally equilibrated (obtained from previous NPT simulations), a new series of EMD simulations was performed and was done in the canonical statistical ensemble (NVT), in order to calculate the thermal conductivity of the (Na,K)Cl solid solution. The temperature and the pressure for the NPT simulations were controlled, respectively, with a weak Nosé-Hoover thermostat 19 and an extension of the Martyna barostat. 20 The thermostat and barostat relaxation times were both 0.5 ps. The equations of motions were integrated using the velocity Verlet algorithm 21 with a time step of 1 fs for the NPT and NVT simulations as well. The total simulation time for the NPT simulation is 2.5 ns while the total simulation time for the NVT simulation is 30 ns. All simulations were performed using periodic boundary conditions and the minimum image convention.
The so-called Polarizable Ion Model (DPIM) potential was used to describe the ionic interaction; it has the form TABLE I. Thermal conductivity ( ), heat capacity (C P ), density (⇢), and thermal di↵usivity (a) of the (Na,K)Cl solid solution as a function of composition at 900 K calculated by the present EMD simulation. The rmse of each calculated property is given in parenthesis next to each property. The units of all the properties are in SI (i.e., in W m 1 K 1 , C P in J kg 1 K 1 , ⇢ in kg m 3 , and a in m 2 m 1 ). 
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where V i j is the total interionic pair potential describing the total interaction between the i-th and j-th ions. In the DPIM, V i j is formulated as a sum of four independent contributions. V c is the classical Coulomb potential describing the chargecharge interactions, V rep is the repulsive contribution to the total potential, V disp is a dispersion term, and V pol takes into account the charge-dipole, dipole-charge, and dipole-dipole interactions. Additional details can be found in the literature. [12] [13] [14] 22 The parameters describing the total pairwise potentials between Na
, and Cl -K + ionic pairs were taken from the previous work of Ohtori et al.
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The potentials were parametrized on the basis of atomistic first principle electronic structure calculations. Specifically, they are determined by matching the dipoles and forces on the ions calculated from first-principles on condensed phase ionic configurations. 23 In other words, no experimental information has been used in the parametrization of the potentials; thus, the present EMD calculations of all physical properties presented in this paper, in addition to the thermal conductivity, are purely predictive. It may be pointed out that the predictive capability of potentials has been already tested 12 for many structural, thermodynamic, and transport properties in both liquid and solid phases.
Thermal conductivity is a non-equilibrium property. The Green-Kubo formalism 24 permits, via the fluctuation-dissipation theorem, its determination from the fluctuations of energy and eventually of the charge currents obtained from EMD. According to the Green-Kubo method, the thermal conductivity of stoichiometric ionic compounds and binary mixtures is written, respectively, as
and
with the numerator N, and the denominator, D, respectively, equal to
L ↵ are the transport coe cients defined by the Green-Kubo formula,
where ↵ and can take the value of either e or z i . k B and V are, respectively, the Boltzmann constant and the equilibrium volume of the system. The two vectors J e and J z i are the energy and the charge flux of the i-th ion. Here, the ionic conduction in the materials is negligible, so that we can safely ignore the right end of Eqs. (2) and (3). Indeed, the electrical conduction in chloride crystals near their melting temperatures is small because it is due principally to the generation and movement of negative ion vacancies. The magnitude of the conductivity for NaCl and KCl is less than 10 3 S m 1 . 25 For comparison, the ionic conductivities in molten NaCl and KCl are, respectively, 3570 S m 1 and 2030 S m 1 . 26 Consequently, can be approximated as
without any loss of precision.
To calculate the thermal conductivity, for each composition, the total NVT run has been divided into 30 blocks of 1 ns and the di↵erent transport coe cients were calculated independently in each block. The correlation time, ⌧, was chosen to be large enough to ensure the convergence of the thermal conductivity. ⌧ was then set to 20 ps for all studied compositions. Finally, the thermal conductivity of a perfectly thermally equilibrated system is defined as an average value over all the di↵erent blocks and expressed as
Normally, should reach a plateau when ⌧ is large enough (⌧ ! 1); nevertheless, we found that fluctuates slightly around its average value in the plateau region due to numerical uncertainties. Consequently, the value of thermal conductivity reported in Table I is in fact the average value of in the plateau region. The uncertainty associated in the thermal conductivity value is defined as the root mean square error (rmse) in the plateau region.
In Figure 2 , we show the calculated thermal conductivity of the (Na,K)Cl solid solution as a function of correlation time at 900 K and at equimolar composition. In this case, the plateau is reached at about 9 ps and the dispersion of the data in the plateau region is about 1%; this value is weak compared to the typical 10%-20 % of the experimental errors. 
III. RESULTS AND DISCUSSION
The thermal transport properties within a material are characterized by the heat capacity and by either the thermal conductivity or the thermal di↵usivity. If C P is known, and a are in principle equivalent and the value of one can be deduced from the value of the other even though these two properties are conceptually di↵erent. describes the ability of a material to conduct heat and has physical significance in the context of conduction processes in the steady state; a quantifies the thermal inertia of the material and has physical significance in the context of transient conduction processes. Normally, a is the direct measured thermal transport property while can be predicted through EMD simulations.
In Table I , we present the thermal properties and the density of the (Na,K)Cl solid solution as a function of composition at 900 K obtained by the present EMD simulations. The equilibrium density of the system is obtained simply by averaging the time of the instantaneous volume in the NPT ensemble while the equilibrium heat capacity is determined from the mean-squared enthalpy (H = E + PV ) variance, also in the NPT ensemble through the well known statistical relationship,
For the calculation of both ⇢ and C P , the time average was performed above 500 ps in order to let the system reach thermal equilibrium. For all compositions, we have observed that (⌧) reaches a plateau before 10 ps and the thermal conductivity values were calculated by averaging (⌧) for ⌧ 10 ps. 17 The EMD simulations (filled stars symbols) have been performed only at 900 K. The critically assessed values 17 of the thermal conductivity of pure NaCl and KCl compounds at 900 K are also reported (filled square). Point interpolation were splined (dashed lines). tion as functions of temperature and composition. The EMD prediction of the thermal conductivity of pure NaCl at 900 K is in very good agreement with the critically assessed value reported by Gheribi et al., 17 with a di↵erence of about 5%. Unlike the NaCl case, the accuracy of about 25% obtained for KCl is relatively poor. This is surprising given that the thermal conductivity of molten KCl was predicted by Ohtori et al. 13 with an error of less than 1%, even though they used the same interionic potentials and the Green-Kubo method. Both the experiment and EMD simulation show that is a quadratic function of composition, with a minimum in the vicinity of the equimolar composition. In Figure 4 , we show the temperature dependence of both experimental and calculated in the vicinity of its minimum, i.e., for X KCl = {0.4, 0.5, 0.6}. Around the composition of the minimum, is found to decrease as 1/T and, at a constant temperature, is almost constant in the composition range 0.4 . X KCl . 0.6. As shown in Figure 4 , the agreement between experiment and EMD prediction is excellent, as EMD data are very close (<5%) to the value obtained by linearly extrapolation of experimental data.
For several types of properties (e.g., thermodynamic properties), the compositional dependence is often represented through the deviation from a linear behaviour by the so-called excess properties. For the thermal conductivity, the deviation from linearity is of the same order of magnitude as the thermal conductivity itself. The compositional dependence of cannot properly be represented by an excess term. It is rather more suitable to refer to the thermal conductivity degradation as proposed in a prior work. 17 The thermal conductivity degradation, D , is a measure of the relative deviation from a linear dependence of with x and is defined as The thermal conductivity degradation is a proper way to define the composition-thermal conductivity relationship. Such a definition clearly points out the strong deviation from the linearity of the thermal transport properties relations. Figure 5 shows the thermal conductivity degradation deduced, respectively, from the experimental data of Gheribi et al. 17 and from the present EMD simulations. Both experiment and EMD calculations show a quadratic shape of the thermal conductivity degradation versus composition. The experimental maximum D is observed around x KCl ⇠ 0.46 for all studied temperatures, which is very close to the value of x KCl ⇠ 0.43 for the maximum D obtained by EMD simulations T = 900 K. The temperature dependence of the maximum D is shown in Figure 6 ; the value deduced from experimental data shows a linear dependence with temperature. The linear extrapolation up to 900 K leads to a value of 63% which is very close to the value of 68% obtained by EMD simulation. However, the predicted thermal conductivity degradation is clearly overestimated in the NaCl rich side while it fits almost perfectly in the KCl rich side. The infinitesimal relative change of the thermal conductivity due to the addition of one N a + in the pure K + sublattice and vice versa can be defined by an expression analogous to that of enthalpy at infinite dilution as follows:
Both K in Na sol and
Na in K sol
, derived from experimental data and EMD simulations, are shown in Figure 7 .
K in Na sol
deduced from experiment is found to be almost independent of temperature with a value of about 0.8 whereas Na in K sol decreases with temperature. Its magnitude doubles from 473 K to 773 K. Given both the experimental and the numerical errors, it can be assumed that the accuracy of EMD prediction of Na in K sol is satisfactory, unlike the prediction of K-Cl bond vibration at high temperature. The e↵ects on this limitation must also be observed for all thermal properties of the solid solution in the KCl rich side. Both the heat capacity and the excess heat capacity, C xs P , are shown in Figure 8 . The di↵erence between the calculated and experimental heat capacity and the excess heat capacity is very similar to what was obtained for the thermal conductivity and thermal conductivity degradation. The prediction of C P is more accurate for NaCl with only about 1.5% di↵erence, while for KCl, the di↵erence is more than 5.5%. Like the thermal conductivity degradation (Figure 5 ), the excess heat capacity is also predicted with a poor accuracy on the NaCl rich side, in this case with the opposite sign, and with very good accuracy in the KCl rich side. This is also another hint of the limitation of the K . The critical assessment of the heat capacity of NaCl-KCl roksalt solid solution is due to Sangster and Pelton. 27 At the microscopic scale, for insulating materials, the thermal conductivity degradation is explained by a modification of the phonon-phonon relaxation time. In an isotropic lattice, and assuming only the nearest neighbour interactions, it has been shown by Klemens 28, 29 that the relaxation time due to the atomic disorder is given by
where !, a 3 , v g , and are, respectively, the phonon frequency, the atomic volume, the phonon group velocity, and the disorder parameter. The disorder parameter characterizes the phononphonon scattering cross section of the solute ion, i, in the cationic sublattice. According to the Klemens-Abeles 7, 29, 43 approximation, is expressed in terms of the fluctuation of the mass and the elastic strain field induced by the alloying e↵ect and, for a binary solid solution, it is expressed as
where
The two terms inside the bracket are, respectively, the mass and the elastic strain field fluctuation terms of the disorder parameter. " anhar is an e↵ective parameter related to the average anharmonicity of the bond. The mass fluctuation term depends only on the mass of each cation constituting the solid solution. " is in general considered as an adjustable parameter. The value of " anhar is usually optimized to fit the experimental data by assuming that the volume of the solid solution is perfectly known, or by considering a mixing rule such as Vegard's or Zen's rule. 30 Therefore, the two key parameters for the understanding of thermal conductivity behaviour of the (Na,K)Cl rocksalt solid solution with composition are the lattice constant and the anharmonicity of the interionic bond.
The calculated lattice parameter of the (Na,K)Cl rocksalt solid solution, its absolute deviation from Vegard's rule (i.e., linear behaviour of a with x), and its derivative versus the composition are shown in Figure 9 in comparison with experimental values after the recent critical assessment by Walker et al. 31, 32 As shown in Figure 9 , the composition dependence FIG. 9 . EMD calculations versus critically assessed values for lattice parameter, a (bottom), the absolute deviation of a from Vegard's rule a (middle), and the first derivative of da/dx with composition (top). The critical assessment of the lattice constant of NaCl-KCl roksalt solid solution is from Walker et al. 31, 32 of the lattice parameter of the solid solution is reasonably well predicted. Both available experimental data and the present EMD simulations show that a deviates slightly from Vegard's rule (with respective maximum deviations at the equimolar composition of 0.5% and 0.4%). Unlike C P , the compositional dependence of a is well predicted on both NaCl and KCl rich sides. The lattice parameters of pure NaCl are overestimated by 1% while for pure KCl, it is underestimated by 1.6%. The interaction potentials used in this work were constructed from atomistic first-principles calculations using the generalized gradient approximation (GGA) according to the Perdew, Burke, and Ernzerhof (PBE) scheme. 33, 34 Generally, for ionically bonded systems, the GGA-PBE method overestimates the lattice parameter. 35, 36 At 0 K, the di↵erences between the predicted lattice parameter with the GGA-PBE method 36 and the experimental value 37 are, respectively, 1.05% and 1.5% for NaCl and KCl. These di↵erences remain almost identical at 900 K for NaCl but are significantly di↵erent for KCl, the di↵erence decreases from 1.5% to 1.5% involving a sign change. The thermal expansion of NaCl is accurately predicted by EMD while it is underestimated for KCl by about 20%. One may note that this instance is similar to what was also observed for the thermal conductivity and heat capacity, except for the fact that the excess property, a, in this case, is predicted with satisfactory accuracy in the entire range of composition. Moreover, the di↵erence observed for the C P of KCl is much lower than what is observed for its thermal conductivity and lattice parameter. The main contribution to the heat capacity is the harmonic vibration of the lattice, contrary to the physical origin of the thermal expansion, which is due purely to the anharmonic vibration of the lattice. 38 Consequently, it is clear that the majority of the discrepancy observed between EMD calculations and experimental values of the C P , , and a for KCl is mainly due to the failure of the pair potential to describe properly the anharmonic part of the K + -Cl bond vibration at high temperature.
Finally, to end the discussion, we propose an objective synthesis of the overall quality of the predictive capacity of the EMD simulations. To be as rigorous as possible, the quality of the present EMD predictions should be determined uniquely by comparing the calculations to the experimental results. Unfortunately, the experimental device, namely, the laser flash, cannot be used at 900 K and EMD simulations failed to converge for a long enough time at 773 K. All attempts at MD simulations performed at 773 K failed before approximately 1 ns. This simulation time is too small to determine the thermal conductivity properly. A same situation was also observed by Salanne et al. 3 in recent work. They managed to calculate the thermal conductivity of pure NaCl only above 900 K.
In the range of temperature 473 K  T  773 K, the experimental D can be fitted by a quadratic function of composition given by
This equation and the value of the critically assessed thermal conductivity of pure NaCl and KCl permit the extrapolation of the experimental thermal conductivity for the solid solution at 900 K. This equation is a linear relation that we assume to be valid up to 900 K, i.e., 127 K above the experimental temperature limit. This extrapolation is shown in Figure 10 along with the present EMD simulation results. The experi- FIG. 10 . Calculated thermal conductivity (filled stars) and extrapolation of the thermal conductivity using experimental data (solid line) of Gheribi et al. 17 of the (Na,K)Cl rocksalt solid solution at 900 K. The two dashed lines represent the experimental error of ±11% reported by Gheribi et al. 17 for the experimental thermal conductivity at 773 K.
mental and numerical errors are also reported in this figure for better visualization of the accuracy of the present EMD simulations. Except on the KCl rich side (x KCl & 0.9), EMD data and experimental data extrapolations are in good agreement. Therefore, the inability of the potential to describe properly the anharmonic part of the K + -Cl high temperature bond vibration has a negative impact on the thermal conductivity only on the KCl rich side of the solid solution.
IV. CONCLUSION
This work was motivated primarily by the lack of experimental data on thermal conductivity and/or di↵usivity in the literature for halide solid solutions, even though this information is critical for many industrial applications, such as thermal energy storage involved in solar energy plants.
The aim of this work is to provide an objective analysis of the accuracy of equilibrium molecular dynamics simulations in predicting the thermal transport properties of halide solid solutions. The (Na,K)Cl rocksalt solid solution was presented as a prototype system. A series of equilibrium molecular dynamics simulations was performed in order to predict the thermal transport properties. The proposed approach is purely predictive since the interionic potentials used in this study were obtained from atomistic first principle calculation and thus no experimental information has been used.
In conclusion, by using the theoretical method presented in this work, the thermal conductivity of binary and higher order halide solid solutions can be predicted with confidence. Similar to what has been done for metal systems, [39] [40] [41] [42] a further work will be proposed for a comprehensive study of the relations between equilibrium, structure, and thermal transport properties of ionic solid solutions. Generally, as shown in Figure 10 , the accuracy of the predictions is within the margin of experimental error, up to the critical composition of X KCl . 0.9. The discrepancy between the calculated and experimental thermal conductivities is explained by the weakness of the pair potential to describe the anharmonic part of the K + -Cl high temperature bond vibration.
